Introduction
The material properties of the red cell membrane, in particular its unique stability towards shearing forces and its elasticity with respect to linear deformation, result from the interaction of the phospholipid bilayer with the membrane cytoskeleton that covers its cytoplasmic surface. When this protein network is extracted or destroyed by proteolysis the membrane spontaneously vesiculates. The pathways through which the proteins exert their effects on the membrane properties are not known.
Three types of interaction between the membrane and the membrane cytoskeleton can be identified, namely bridging of spectrin to band 3, the major transmembrane protein, by ankyrin [ 11, bind- ing of protein 4.1 to one or more integral membrane proteins (see below), and a weak, but globally important, direct association between cytoskeletal protein and phospholipid, almost certainly phosphatidylserine [2, 31. We consider here only the protein-protein interactions and the manner in which they might regulate the membrane properties.
Interactions between protein 4. I and the membrane
It is well established that protein 4.1, in addition to its association with spectrin and actin in the protein network, binds strongly to the membrane [4-61. There has been no agreement on the identity of the binding sites, which have been variously reported to be glycophorin A (GPA) [4, 61, glycophorin C (GPC), also termed glycoconnectin to membrane vesicles, freed of peripheral proteins, shows saturation at a concentration similar to the original content. This renders band 3 and lipid improbable as the protein 4.1 receptors. There is compelling evidence against GPA as the primary site; for example, from the wholly normal nature of red cells from which this protein is missing [9] . There are, on the other hand, abundant grounds for believing GPC to be a binding site [7, 10, 111, despite the apparently unsatisfactory numerology.
Our rebinding isotherms for protein 4.1 to 4.1 -depleted inside-out vesicles show saturation at a level corresponding to the concentration of protein 4.1 originally present in the cell. Extensive proteolysis of the vesicles with trypsin, chymotrypsin, papain, pronase, Staphylococcus grkeus protease or mixtures of these does not eliminate all the binding, but instead leaves a sizeable proportion (30-50%) of the sites intact. It thus seems clear that the membrane contains two types of site, only one of which is subject to proteolysis, and, indeed, intact GPC (as well as GPA) was shown by immunoblotting to have vanished from the membranes after treatment with proteases. (We make no distinction here between GPC and the minor species GPD, which has an identical cytoplasmic sequence [ 123.) A further means of resolving two populations of sites is to phosphorylate protein 4.1 with protein kinase C. This can be performed in situ by treating the cells with a phorbol ester, and Danilov et al. [ 131 have shown that it reduces the number of sites on the membrane to which the protein will bind. We have confirmed this result: protein 4.1, phosphorylated in this manner, will compete with unphosphorylated protein 4.1 only at the protease-resistant site. Proteolysed membrane vesicles, moreover, show indistinguishable binding profiles for phosphorylated and untreated protein 4.1. Thus it is a proteolytically accessible cytoplasmic element of the receptor protein(s) that contains the site, affected by phosphorylation of protein 4.1.
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What then is the nature of the protease-resistant sites? Two possibilities suggest themselves. (i) The rhesus(D) protein is present in the right quantity, is evidently associated with the membrane cytoskeleton [ 141, and has essentially no cytoplasmic domain [15] . It has been identified as the phospholipid translocase [16, 171, and 
. This could imply that the interaction of protein 4.1 with the membrane is functionally important in more than one way. (ii) We have found by immunoblotting that a fragment of GPC (Mr -2500), which must comprise the C-terminal element that contains the epitope recognized by our antibody, remains strongly associated with the membrane. Part of its sequence [ 181 can be well represented by an amphipathic a-helix. If this is the protease-resistant protein 4.1-binding site (inert with respect to protein 4.1 phosphorylated by protein kinase C), the presence of two sites on intact GPC would be implied, to which different molecules of protein 4.1 in one lattice junction would be expected to bind.
We have a strong indication that the second of these explanations is the correct one. Cells of the Leach phenotype completely lack GPC, nor is any truncated GPC-immunoreactive polypeptide chain present. When spectrin and actin are extracted from the membrane in a medium of low ionic strength, essentially all the protein 4.1 from normal cells remains in the membrane; conversely, the GPC is recovered in preparations of membrane skeletons. In Leach cells, protein 4.1 is extracted from the membrane with spectrin, and thus, at least under these conditions, has no binding site on the membrane. We hope soon to be able to confirm our hypothesis by the use of membrane-rebinding assays.
Band 3-membrane cytoskeleton interaction
As Bennett and his co-workers have shown [ 11, ankyrin links spectrin to a minor proportion (some 20%) of the band 3 molecules in the membrane. Measurements of rotational diffusion have suggested that the bulk of the band 3 is engaged in additional interactions that constrain its mobility [19] , and the existence of band 3-protein 4.1 complexes has also been inferred [ 51. When membrane cytoskeletons are prepared by detergent-extraction of red cells, the bound proportion of band 3 remains associated with them. Results in our laboratory (A. Pekrun, unpublished work) have revealed that cytoskeletons prepared after chymotryptic cleavage of ankyrin (which can be accomplished with only minimal damage to other proteins) are essentially devoid of band 3. This establishes that all of the band 3 firmly associated with the cytoskeleton is bound through ankyrin and not to protein 4.1 or elsewhere.
In Melanesian ovalocytes there is an anomalous band 3 120, 211; these cells have a unique shape, extraordinarily rigid membranes (shear elastic modules some three times greater than normal) and are resistant to invasion by malaria parasites. We have found a case of ovalocytosis in a Mauritian of Indian extraction. The band 3 in this heterozygote generates fragments larger by M , -2000 on proteolysis both at the outer membrane surface in intact cells and on the cytoplasmic side of ghosts. In this it closely resembles a common symptomless band 3 variant [22] , which we have also examined and found to be normal in respect to membrane rigidity, malarian invasion in vitro (A. R. Dluzewski, These observations lead us to a conjectural model for the control of membrane rigidity by the membrane-membrane cytoskeleton interaction. The spectrin in the network is in a highly compressed state (end-to-end distance about half of that in free solution and a quarter of the length of the extended molecule, seen in the electron microscope). This forms the basis for the entropy-spring model of membrane elasticity "231. On local distortion of the membranes, as under the influence of externally applied shearing forces, spectrin molecules must both stretch and compress. When this happens the ankyrin must be displaced. This could
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lead to a translational displacement of its bound band 3 in the plane of the membrane, but, at least in macroscopic terms, the diffusion of band 3 is extremely slow [24, 251 , whereas shape responses occur on the millisecond time-scale [26, 27] . Thus it seems not unlikely that the band 3, which appeared to be an intrinsically flexible molecule [28] , adapts to the movement of its bound ankyrin by bending.
If the insertion into the membrane is faulty or the deletion of the (highly conserved) proline residue impedes bending, a constraint will be placed on the movement of the ankyrin and thus on the extension and contraction of the spectrin.
